Context. Backward propagating and second harmonic Langmuir waves (LWs) play an important role in the second harmonic emission of solar radio type III bursts and they are numerically studied in detail with a new method. Aims. We paid particular attention to the excitation mechanism of the backward propagating LWs, as well as the second harmonic LWs with two-dimensional (2D) particle-in-cell (PIC) simulations. Methods. We performed simulations with two different types of initial conditions, i.e., the beam-exited and the wave-excited cases. In the second case, the beam-excited LWs were considered to represent the free energy instead of the beam itself. Results. It is firstly found that the backward propagating LWs are suppressed by about 20% by the beam electrons. Hence, the beam electrons just have a negative contribution to the backward LWs, which can be explained in a preliminary way by the Landau damping of the beam electrons. On the other hand, the second harmonic LWs are contributed mainly (about 80%) by the beam electrons, only 20% originating from beam-excited forward LWs, which is quite different from earlier results. Conclusions. Therefore, we found that the backward propagating LWs can't be amplified directly by the electron beam, and we must assume that they are generated by the beam-excited forward LWs scattered by ion sound waves. The direct amplification of beam-plasma instability may play an important role in producing the second harmonic LWs.
Introduction
Solar radio type III bursts have been intensively studied by both theory and observation, the latter of which may provide the most important diagnostics of electron acceleration with in solar flares. Energetic electrons accelerated in solar flares propagate along open magnetic field lines from solar corona to the interplanetary medium, and generate Langmuir waves (LWs) and the electromagnetic (EM) radiation of type III bursts, observed simultaneously by a series of spacecrafts (Lin et al. 1981; Reiner et al. 1992; Robinson et al. 1993; Hoang et al. 1994) . It is widely accepted that the intensive LWs are generated at the electron plasma frequency ( f = f p ) by the beam instability, i.e., the interaction between the ambient plasma and fast beam electrons. A part of the energy of LWs is converted into the EM radiation either at the fundamental ( f = f p ), the second harmonic ( f = 2 f p ), or both. The second harmonic LWs and the EM emission are produced by the coalescence of two kinds of LWs, i.e., the forward and the backward propagating LWs, which are generated by the forward propagating LWs being scattered by the ion sound waves (Ginzburg & Zheleznyakov 1958; Bardwell & Goldman 1976; Robinson et al. 1988; Melrose 1991; Robinson et al. 1993; Cairns et al. 1995) . Kasaba et al. (2001) performed PIC simulations by using one-dimensional (1D) and two-dimensional (2D) EM codes. In both of the 1D and 2D systems, the forward propagating LWs can be excited at f = f p and f = 2 f p , and the backward propagating LWs can be excited at f = f p . The EM waves are produced at both f = f p and f = 2 f p in the 2D system. The time evolution in the intensity of different plasma waves shows that the electrostatic (ES) LWs at 2 f p are correlated with the beam-excited LWs, while the EM waves at 2 f p are correlated with the backward propagating LWs. However, there is no correlation between the forward and backward propagating LWs, as well as the EM fundamentals.
In Huang & Huang (2007) , we studied the dispersion relation of the backward propagation LWs with analytical and 1D PIC simulation methods. We also simulated the beam-plasma instability, and confirmed that the ions are necessary for increasing the backward propagating LWs. On the other hand, there are two kinds of free energy in plasma emission processes, i.e., the beam electrons and the beam-excited LWs. Both of them possibly contribute to the backward propagating LWs and the second harmonic LWs, in plasma emission processes. The main problem is in identifying which type of free energy is primarily responsible for the amplitude of these LWs. Hence, we performed 1D computer experiments with two different conditions, one the beam-plasma interaction, and the other the wave-plasma interaction . We found that the electron beam is not really capable of generating the backward propagating LWs directly but may directly amplify the second harmonic LWs. However, these 1D results are only qualitative, so, in this paper we developed the 2D ES code be able to obtain quantitative results to compare with the 1D results.
The method of the 2D PIC simulations is introduced in Sect. 2. In Sect. 3, we present the beam-plasma interactions as the standard condition. In Sect. 4, we replace the beam electrons with the beam-excited LWs as the free energy. In Sect. 5, we
Article published by EDP Sciences summarize and discuss the main results of this paper, as well as present future work that we intend to do.
Method of PIC simulations
We write an ES PIC code in a 2D system with a periodic boundary condition. The simulated system is located in an X − Y plane, with an ambient magnetic field along the X-axis. The numbers of grid points are 128 × 64, and the grid dimensions x , y both equal the electron Debye length (λ D ). The time and spatial scales are normalized by t 0 = 1/ω pe and x 0 = c/ω pe (ω pe = 2π f p ), respectively. The mass and electricity scales are normalized by m 0 = m e and q 0 = e, respectively. All parameters and their realistic values for the PIC simulations are listed in Table 1 . These physical parameters (such as n = 10 6 m −3 ) are very close to the natural plasma parameters in near-Earth space (Nicholson et al. 1978) . In Table 1 , the time, space, density, frequency, and energy are given in units of s, m, m −3 , Hz, and eV, respectively. As for the initial condition, the ambient electrons and ions have Maxwellian distributions with electron and ion thermal velocities (v the and v thi ), respectively. The electron beam is injected along the ambient magnetic field with a velocity of v b , density of n b , and velocity broadness of v the . The simulations were performed with beam electrons, and ambient electrons and ions, for different values of v b and n b . The ambient magnetic field is denoted by the electron cyclotron frequencies (Ω e ).
Standard case
We plot the electric field of the 2D simulations for the "standard" case of tω pe ∼ 40 and tω pe ∼ 44 in Figs. 1a and b. In the panels a and b, we can see that the peak of the same wave packet (marked by P) moves with time along the positive X direction, so, we can confirm that this wave is the forward LWs. However, the backward and second harmonic LWs are too weak to be directly seen in this figure. We can then derive the Fourier transform of the electric field of these waves as a function of both the coordinates of the X-axis in space and time, and obtain the corresponding spectra for them in Fig. 1c , which shows the ω − k x diagram of the electric field along the ambient magnetic field. Therefore, we can clearly distinguish the forward and backward propagating LWs at f = f p , and the forward propagating LWs at f = 2 f p , which are respectively denoted by L, L , and ES − 2 f p . The forward Langmuir wave-number in Fig. 1c occurs at the maximum linear growth rate at k x ∼ ω pe /v b = 0.4, and the nonlinear stage starts at the beginning of the saturation phase of the beam instability at about ω pe t ≈ 40 (Dum 1990 ). The apparent but weaker backward LWs also appear at k x less than 0, with much slower growth than for the forward LWs. There are far weaker ES harmonic waves of forward LWs at frequencies near ω = 2ω pe . These features are generally comparable with the ones found in the previous PIC simulations (Nishikawa & Cairns 1991; Kasaba et al. 2001) .
We then complete an additional analysis of these LWs in the three rectangles indicated in Fig. 1c . The time evolution in the different LWs are obtained by the reverse Fourier transform with in each area of L, L , and ES − 2 f p . As one example, we show the time evolution in the forward LWs in Fig. 2a . The black line indicates one peak of the forward LWs moving with time along the X direction. We can calculate the phase velocity of the forward LWs, which is given in Fig. 2a . The phase velocity of backward LWs or second harmonic LWs can be obtained by the same method. Figure 2b shows the relationship between the phase velocity of different LWs and the beam drift velocity. The phase velocity of forward LWs and second harmonic LWs have almost identical values, which are a little lower than the beam drift speed, and increase with increasing of beam drift speed. The velocity distribution function has a positive slope at a speed lower than the beam drift speed. The phase velocity of the LWs depends on this positive slope because of the wave-particle resonance. The velocity of the forward waves should therefore be a little lower than the beam drift speed. The phase velocity of backward LWs is also lower than the beam drift speed, with a very weak correlation between them. Moreover, we plot the evolution in the power density of different plasma waves in Fig. 3a , which shows that the forward propagating and second harmonic LWs are well correlated in their growing, saturation, and decay phases, and that they reach their maxima almost at similar times tω pe ∼ 40. The backward propagating LWs continuously grow till the end of the simulation with a very small growth rate. The energy ratio of the backward LWs to the forward LWs is about 1%, which is much smaller than the energy ratio (about 8%) of the forward LWs to the beam electrons. And the power of the ES second harmonic wave is usually a factor 10 −2 ∼ 10 −3 that of the forward LWs. It is much larger than the values (about 10 −4 ∼ 10 −5 ) excepted to be by the observations in the terrestrial electron foreshock and the plasma sheet boundary layer (see Fig. 3 in Kasaba et al. 2000) .
The relative growth rate of different plasma waves in Fig. 3a is also defined ω i1 = (E(t 2 ) − E(t 1 ))/((N 2 − N 1 )dtE(t 1 )), where, E is the energy of the waves, the time interval between t 1 and t 2 is selected in the linearly growing phase, and N 1 and N 2 are the time steps for these two times. The relative growth rate is 0.206 for the forward LWs between tω pe ∼ 29 and tω pe ∼ 36, 0.191 for the second harmonic LWs from tω pe ∼ 30 to tω pe ∼ 38, and 0.0087 for the backward LWs from tω pe ∼ 40 to tω pe ∼ 140, respectively. Hence, the relative growth rates of the forward and second harmonic LWs are of the same order of magnitude, which is at least one order of magnitude larger than that of the backward propagating LWs.
We then perform 2D simulations with different parameters to compare the energies and growth rates of the plasma waves. Here, the wave energy is determined by its maximum value during the complete simulation times, and the growth rate is defined to be their absolute value, i.e., ω i2 = (E(t 2 ) − E(t 1 ))/((N 2 − N 1 )dt), to compare the growth rates of the same wave with different parameters. Figures 4a−d show the relationships of the wave energy and growth rates versus the beam density and the drift speed, respectively. In Fig. 4 , both the energy and growth rates of the forward LWs and second harmonic LWs increase with increasing velocity and density of the beam electrons. The energy and growth rates of the backward LWs increase only with increasing beam velocity, but remain almost constant when the beam electron density increases, as we discuss below.
Wave-excited simulations
To quantitatively determine that the backward propagating LWs and the second harmonic LWs are amplified by the beam electrons directly or by the beam-excited LWs, we used the forward propagating LWs instead of the beam electrons as the free energy to excite the backward propagating LWs and the second harmonic LWs. Based on this "wave-excite" condition, all the energy in the generated backward and second harmonic LWs can originate only in the beam-excited forward LWs. In these wave-excited simulations, the drift speed of the beam electrons was set to be zero. In the first few steps, we defined the electric field of the beam-excited forward propagating LWs as the initial condition. Hence, the ambient electrons and ions moved both in the self-generated electric field and the electric field of the initial LWs. We controlled the initial LWs until the energy of electric field reached the energy of the beam-excited forward LWs (see Fig. 3b obtain the backward propagating LWs and the second harmonic LWs evolved in the wave-excited simulations.
We also obtained the spectra of every Y line by obtaining a Fourier transform for the electric field in space along the X-axis and time. We then calculated the power of each wave by applying the reverse Fourier transform of every spectra. Figure 3b shows the time evolution in the power density of different plasma waves. The parameters of the wave-excited simulations are the same as those of beam-exited simulations in Table 1 , except that the drift speed of beam electrons equals zero. The dashed and solid lines represent the energy of the wave-excited and beamexcited plasma waves, respectively.
In Fig. 3b , the energy of wave-excited second harmonic LWs is obviously lower than that of beam-excited ones, but the energy of the wave-excited backward propagating LWs is a little higher than that of beam-excited ones. Then, we controlled the amplitude of injected LWs to show the relationships between the maximum energy and absolute growth rate of the backward LWs, and between the second harmonic LWs and the maximum energy of the forward LWs in Fig. 5 , in which all the curves represent the linear fit results. To compare the beam-excited and wave-excited cases, the results of the beam-excited plasma waves are also plotted in Fig. 5 . The results in Fig. 5 confirm that the energy of the beam-excited second harmonic LWs is always higher than that of the wave-excited ones, The power ratio of the wave-excited second harmonic LWs to the beam-excited second harmonic LWs is about 20% when the power of beam-excited forward LWs is same. So, the beam energy is directly converted to the rest energy (80%) of second harmonic LWs, and the growth rate of second harmonic LWs in the beam-excited case is about one order of magnitude higher than that in the wave-excited case. The energy of beam-excited backward propagating LWs is always a little lower than that of wave-excited ones of the same power as beam-excited forward LWs. The power ratio of the waveexcited backward LWs to the beam-excited backward LWs is about 120%, while the absolute growth rate of the wave-excited backward LWs is about three times higher than that of the beamexcited ones.
Conclusions and discussion
We have performed numerical simulations with the ES particle code in a 2D periodic system to study the generation processes of the ES waves involved in the plasma emission mechanism of solar radio type III bursts. In particular, we have performed the simulations in the wave-excited condition to compare the contributions of the electron beam and beam-excited LWs, as two distinguishable free energies for the backward LWs and second harmonic LWs. The main conclusions that we have reached are the following.
1) The energy of the wave-excited second harmonic LWs is obviously lower than that of the beam-excited ones, which imlies that the energy of the second harmonic LWs has been converted from that of both the beam electrons (about 80%) and beamexcited LWs (about 20%). The growth rate of second harmonic LWs in the beam-excited case is about one order of magnitude higher than that of the wave-excited case. Hence, the direct amplification of the beam electrons play a more important role for the second harmonic LWs, which is quite different from the earlier results mentioned in Sect. 1.
2) The energy of the wave-excited backward LWs is a little higher than that of the beam-excited ones, while the absolute growth rate of the wave-excited backward LWs is about three times higher than that of the beam-excited ones, which means that the backward LWs are mainly amplified by the beam-excited LWs, and the beam electrons just have a negative contribution (about 20%) for the backward LWs. We further suggest that the beam electrons may suppress the growth of purely wave-excited backward LWs by Landau damping (Chen 1980) , i.e., Im We have confirmed the main results of the 1D PIC simulations that the electron beam is probably incapable of generating the backward LWs directly, and the energy of backward LWs originates in the beam-excited LWs, although the beam electrons may directly amplify the second harmonic LWs . We also perform the simulations with different ambient magnetic fields (Ω e /ω pe ≈ 0.01 ∼ 0.1), all growth rates and energies of the three ES waves being subject to only little change. In our simulations, the direction of the magnetic field is the same as that of the beam drift. The magnetic field has a significant effect on the perpendicular waves, but was little effect on the parallel waves in our case. On the other hand, the magnetic field which (varied from 0.01 to 0.1) represents the weak magnetic field case. Such a weak field will not affect the instability of high frequency waves such as LWs (Dum & Nishikawa 1994) . Hence, the ambient magnetic field evidently does not affect the properties of ES waves in our simulations. On the other hand, a series of questions remain unanswered about the plasma radiation mechanism from observations of present spacecrafts (e.g., WIND and ULYSSES). For example, only a small set of type III bursts drift downward close to the local plasma frequency. The low-frequency cutoff of type III bursts is strongly suggested to be an intrinsic property of the radiation mechanism, which seems to be a new challenge for the classical model of plasma radiation (Leblanc et al. 1995) . Therefore, it is necessary to study the relationships between the electron beam and the relevant ES and EM plasma waves very carefully. We intend to study the properties of the EM plasma waves in type III bursts with 2D EM PIC simulations to identify whether the energy of type III bursts originates in the beam electrons directly or in energy converted from the beam-excited LWs.
